A physically based distributed biosphere hydrological model with three layered energy balance snow melt module (WEB-DHM-S) has been implemented at point scale at Yagisawa dam site to evaluate the long-term simulation of snow depth from 1948 to 2006 using high resolution JP10 reanalysis data. The time series of snow depth, its averaged value and anomaly and the snow cover duration are evaluated. The model is able to capture the seasonal and inter-annual variability of snow depth well with average bias at 0.013 m and root mean square error at 0.29 m. A continuous negative anomaly was well simulated from 1985 to 1994. Long-term analysis showed that the decadal change was more apparent for snow cover days with snow depth above 50 cm and the number of snowfall days had a decreasing trend. In addition, the snow depth values from 1948 to 1963, an outcome of this research, can be used as the reference dataset by the scientific community.
INTRODUCTION
The energy and water balance in cold regions are highly modulated by the presence of seasonal snow cover due to its intrinsic properties like high albedo, low thermal conductivity and large water storage capacity. The variability in the magnitude and timing of snowfall, the evolution of snow depth following compaction and melt controls the length of snow cover duration which in turn influences the temporal variability of spring snowmelt runoff. These variabilities can also modulate the response of soil towards surface warming. Snow cover and its year to year variability is the reflection of winter climate variability 1) . Long-term trend of snow cover variability is of great importance as it plays an important role in analyzing runoff prognoses and climate modeling systems 2) . Modeling the long-term variability of snow cover with the use of reanalysis dataset is very much important as long-term forcing dataset may not be available at all the regions. Reanalysis climate datasets are prepared by a diagnostic atmospheric model run with a fixed dynamical core, physical parameterizations and data assimilation system 3) . Many reanalysis products such as ERA-40 4) , ERA-Interim 5) , JRA-25 6) and NCEP/NCAR 7) have been developed by different institutions and these dataset are used by many scientists in atmospheric and hydrological modeling works. However, the use of reanalysis dataset in studying the inter-annual variability of snow characteristics is very limited 8) due to its coarse resolution. Recently, a high resolution (10km) reanalysis dataset over Japan has been developed for 1948 to 2006, referred as JP10 at the Scripps Institute of Oceanography, USA.
This work is unique in the extent of the application of the JP10 reanalysis data in simulating the inter-annual variability of snow cover with the use of physically based three layered energy balance snow model (WEB-DHM-S). WEB-DHM-S has shown its capability in capturing the snow processes accurately in both point 9) and basin scale 10) at wide variety of climatic regions. This paper aims to provide insight into the features of the long-term snow cover changes and variability at Yagisawa dam site of Upper Tone River in Japan. Variability in snowmelt runoff is very much important in Upper Tone region since this region supplies drinking water to about 29 million people in the Tokyo metropolitan area.
STUDY AREA AND DATA
The study area is Yagisawa dam site, located north east of Tokyo in Upper Tone River, Japan (see Fig. 1 ). It is a medium-elevation open site (latitude 139.054 0 and longitude 36.912 0 ) at 870 m above mean sea level. Climate condition in this region is wet and humid. February is the coldest month, with a mean temperature of −3°C, and August is the warmest month, with temperatures averaging 20°C. Heavy snowfall is common in winter (December to February), owing to a northwest monsoon wind from the Sea of Japan. The mean annual winter precipitation (snowfall) is about 900 mm. A continuous snow cover exists from early November to late April. The site experiences deep snow depth with the maximum value of about 3.5 m. Yagisawa dam is an important regulator of snowmelt runoff in spring, and flooding in summer. Meteorological parameters (including precipitation) have not been measured at the site, however daily averaged snow depth measurements are available from 1964 onwards. The atmospheric forcing data required to drive the snow model are surface air temperature, surface air pressure, specific humidity, wind speed, shortwave and longwave radiation which were obtained from JP10 reanalysis dataset. JP10 is a 10-km and hourly dynamically downscaling simulation [The Scripps version of Regional Spectral Model (RSM) 11) ] dataset from NCEP/NCAR Reanalysis over Japan for . The data is produced in Earth Simulator Center with the Earth Simulator at Scripps Institution of Oceanography, USA. JP10 dataset are made freely available to the public and the scientific community through the Data Integration and Analysis System (DIAS) 12) .
METHODS (1) Snow Model
The snow model applied in this study is the WEB-DHM-S (Water and Energy Budget -based Distributed Hydrological Model with improved snow physics) 9, 10) which can simulate the variability of snow density, snow depth and snow water equivalent, liquid water and ice content, snow albedo, snow layer temperature and thermal heat due to conduction more accurately through the physically based energy balance modeling approach. WEB-DHM-S is the improved version of WEB-DHM 13) in its snow physics which has been developed by coupling the snow physics of Simplified Simple Biosphere Model version 3 (SSiB3) 14) and albedo physics of Biosphere-Atmosphere-Transfer-Scheme(BATS) 15) . In WEB-DHM-S, the snowpack is initially divided into three layers that start with the same initial snow temperatures. The top layer thickness is kept at a fixed depth of 2 cm regardless of the total snow depth to provide reasonable simulation of the diurnal changes in the snow surface temperature. The maximum thickness of the middle layer is kept at 20 cm, and the bottom layer represents the remaining body of the snowpack. Enthalpy is used as the prognostic variable in energy balance calculations. The heat budget of top layer is controlled by surface energy balance where that of the second and third layers is controlled by the heat conduction and penetrated shortwave radiation. Moreover, the heat budget of the bottom layer is added by the conduction from the ground heat flux. The mass budget for each snow layer is calculated accordingly by taking account of the precipitation, direct throughfall, drip fall, evaporation, condensation, compaction, liquid water retention, snowmelt runoff and infiltration into the underlying layers. The snow albedo over ground surface is parameterized using a physically based prognostic snow albedo scheme of the BATS 15) . The snow albedo is computed for visible (VIS) and near infra red (NIR) spectral bands with adjustments for illumination angle and snow age. Fresh-snow albedo in the VIS and NIR bands are kept at 0.85 and 0.65 respectively. Three snow compaction processes, namely destructive metamorphism, densification due to snow overburden and compaction due to snow I_176 melting, are parameterized following Anderson 16) . The bulk density of ice for new snowfall is calculated following the formulation used in the CROCUS snow model 17) . Details of the model equations and snow physics can be found in Shrestha et al. 9, 10) . The threshold air temperature for differentiation of precipitation into the solid and liquid form is an important parameter as it determines whether water is available for runoff and infiltration or for snow accumulation 18) . Motoyoma 19) reported that this temperature is between 1°C and 3°C in central Japan. This study uses 2°C as the hourly threshold air temperature, below which all precipitation is assumed snowfall and above which it is assumed rainfall.
(2) Bias Correction of JP10 reanalysis
Reanalysis products may offer large amount of biases that can result in unrealistic estimates of energy, mass, and momentum exchanges between the land surface and atmosphere 20) . JP10 data also offer biases in meteorological forcing. These biases are assessed by comparing the JP10 forcing with the forcing prepared by Wang et al. 21) for 2000-2004. A ratio-based approach is employed for the correction of shortwave radiation and precipitation where a difference-based approach is employed for the correction of air temperature, wind speed, longwave, humidity and pressure. The four year average of the biases in all meteorological forcing were applied to correct the long-term JP10 dataset .
(3) Simulation Setup
The model simulation setup is designed for 57 hydrological years from November 1948 to November 2006. The time series of snow depth, its averaged value and anomaly, the time period during which the ground is continuously covered with snow for snow depth above 10 cm, 30 cm, 50 cm and 70 cm are analyzed. The snow depth responsible for 100 days continuous snow cover is also estimated. Moreover, trends on daily snowfall are analyzed for long-term changes. The number of days with snowfall above 1 cm, 2 cm, 3 cm and 5 cm are also investigated. The model performance in simulating the snow depth is evaluated by Mean Bias Error (MBE) and Root Mean Square Error (RMSE), defined as followings;
where n is the total number of time series for each snow season that very year-by-year, S i is the simulation result and O i is the observed data. These biases are mainly associated with the large variation in precipitation of JP10 reanalysis. We shall investigate the atmospheric features of JP10 in future for identifying the biases in particular year. The long-term simulations since 1948 shows that a negative anomaly (above 0.5m) is simulated about every five years till 1964. The negative anomaly of about 0.7m is observed after 8 years from 1964 to 1979 (see Fig. 3b ). The simulated anomaly matches quite well in 1972; however, a large underestimation is simulated in 1979. From 1978 through 1984, both observed and simulated values demonstrate very sharp anomalous conditions. From 1985 to 1994, the negative anomalous condition continued for 9 consecutive years with comparatively strong negative trend which indicates remarkable drought condition. The simulated maximum snow depth values fairly agree with the observations with coefficient of correlation at 0.70 (see Fig. 3c ). Negative trend for maximum snow depth is speculated following the results of average snow depth.
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(2) Number of Days with Snow cover
Time series of simulated and observed snow cover days for different snow depth thresholds (10 cm, 30 cm, 50 cm and 70 cm) are shown in Fig.  4(a-d) . The snow depth at 30 cm, 50 cm and above 70 cm is considered as sufficient, good and excellent condition for skiing respectively. The long-term average snow cover days from observations for these thresholds are calculated at 133 days, 120 days, 108 days and 96 days where these values are overestimated by 8 days for simulated one . However, observed and simulated trend agree fairly well with coefficient of correlation at 0.77. Observations show that at least 65 cm of snow depth is available for continuous 100 days which seems very good for ski resort. This depth is at 75 cm for simulation result. No long-term change in the trend for snow cover days is found where decadal change is evident for higher value of threshold (above 50 cm and 70 cm). A sharp boundary could be found towards rapid decrease in number of snowfall days, which is after 1985/86. In recent years, the number of snowfall days has increasing tendency since 1998. Although, the observed snowfall data are in depth (thickness), not in water equivalent, we attempted to compare the simulated results with observations for snowfall days above 1 cm by employing a snow density of 80 kgm -3 to convert observed snowfall depth to water equivalent. As shown in Fig. 5 , the simulated values match satisfactorily with the observations despite of remarkable discrepancies in some years. Moreover, the inter-annual variability of the ratio of snowfall to total precipitation with respect to air temperature in the time slot of November-March is also investigated (see Fig. 7 ). It is demonstrated that this ratio has increasing trend till 1985/86 which is in accordance with the decreasing trend of air temperature. After 1986, there exist sharp increasing tendency in air temperature which in turn causes decreasing trend of the ratio of snowfall to total precipitation. This finding clearly identifies the evidence of impact of climate change after late 80s. Previous studies about the long-term trend of observed snow depth, continuous snow cover days and snowfall around this region also showed the decreasing trend 22, 23) . The high negative correlation of snowfall to air temperature in this study is supported by the results of Takeuchi et al. 24) . However, more research on basin to regional scale should be carried out in this region.
I_179
CONCLUSIONS
In this study, the three layered energy balance based snow melt model (WEB-DHM-S) has been implemented at point scale at Yagisawa dam site to evaluate the long-term simulation of snow depth for 1948-2006 using high resolution JP10 reanalysis dataset. The model is able to capture the seasonal and interannual variability of snow depth well with average bias at 0.013 m and RMSE at 0.29 m. The time series of snow depth, its maximum and averaged value and the snow cover durations are evaluated. From 1985 to 1994, the negative anomalous condition for 9 consecutive years with comparatively strong negative trend was well simulated by the model. The observed and simulated trends for the snow cover duration of snow depth above 10, 30, 50 and 70 cm agree fairly well with coefficient of correlation at 0.77. Observations show that at least 65 cm of snow depth is available for continuous 100 days which seems very good for ski resort. This depth is at 75 cm for simulation. No long-term change in the trend for snow cover days is found where decadal change is evident for higher value of threshold (above 50 cm and 70 cm). The long-term (57 year) average annual snowfall is estimated at 880 mm. The linear trend for the number of snowfall days is decreasing. In addition, the snow depth values from 1948 to 1963, an outcome of this research, can be used as the reference dataset by the scientific community. A future step for this research would be application of JP10 reanalysis products in basin scale for the assessment of long-term snow hydrology in managing the water resources in integrated river basin management approach.
